TWO-WEEK lOAN COPY
his is a Ubrar~ irculating op~ which rna~ be borrowed for two weeJ~s. 2 for four compounds. In a recent paper we have shown that the oxygen ls binding energies of 19 metal carbonyl compounds in the gas phase are linearly correlated with the degeneracy-weighted average C-D stretching frequencies.
3 (The average frequencies were used as convenient stand-ins for C-D force constants.) In that paper we did not discuss carbon 1 s binding energies because then we had measured only a few such energies and we feared that the binding energies of carbon atoms directly bonded to a variety of metal atoms might not be as well correlated with average stretching frequencies as the binding energies of the relatively isolated, terminal oxygen atoms. However, now we have both carbon ls and oxygen Is data for almost three times as many carbonyl compounds as were involved in our first study, including better data for several of the compounds studied earlier. Having both C ls and 0 ls binding energies, we can determine the relative amounts of electronic charge transferred to the carbon and oxygen atoms in d1r -1r* back-bonding. We also now have nitrogen ls and oxygen ls binding energies for J 5 metal nitrosyl compounds; with these data the relative charge transferred to the nitrogen and oxygen atoms can be determined, and the back-bonding in nitrosyl compounds can be compared with that in carbonyl compounds.
We have calculated the C-0 and N-o stretching force constants for all the carbonyl and nitrosyl compounds which we have studied and for which the necessary vibrational frequencies are known.
Results and Discussion
In Table I are listed the carbon Is and oxygen Is binding energies determined for 55 metal carbonyl compounds in the gas phase. For those compounds for which the necessary vibrational spectroscopic data are available, we have listed the degeneracy-weighted C-0 stretching frequencies and the corresponding weighted C -0 stretching force constants, calculated by the Cotton-Kraihanzel (CK) method. 4 In Figure  J the carbon ls binding energies are plotted vs. the C-0 force constants, and in Figure 2 the oxygen l s binding energies are plotted vs. the same force constants (correlation coefficients 0.95 and 0.94, respectively). The linear correlations shown by these plots confirm the fact that transfer of electron density to the carbon and oxygen atoms of a CO group is accompanied *To whom correspondence should be addressed at the Department ol'
Chemistry.
by a weakening of the C-0 bond. The data strongly suggest that the carbon and oxygen core binding energies can be taken as measures of d1r -1r* back-bonding in transition-metal carbonyl compounds. From Figures l and 2 it is obvious that the carbon 1 s and oxygen 1 s binding energies are linearly correlated with each other. Figure 3 is a plot of the oxygen ls binding energies vs. the carbon ls binding energies (correlation coefficient 0.97). The justifications for presenting this otherwise superfluous plot are that it includes points for five more compounds than are in Figures 1 and 2 and that it shows a significantly better linear correlation than shown in Figures  I and 2 . At least two explanations can be offered for the poorer correlations in Figures 1 and 2 . First, the carbon ls and oxygen Is binding energies are not solely determined by the degree of back-bonding (which is presumably manifested as changes in atomic charge). On going from one compound to another there are changes in the electronic relaxation energy associated with core ionization and changes in the electrostatic potential due to the metal atom and other ligands.
5 Although these changes in relaxation energy and potential are roughly linerly correlated with the changes in atomic charge, 5 parts of these changes are unsystematic, that is, not so correlated. The unsystematic parts of the changes in relaxation energy and potential contribute to the scatter in the plots of binding energy vs. force constant. However, in the correlation of the Is binding energies of carbon and oxygen atoms in the same carbonyl groups, the unsystematic parts of the changes in relaxation energy and potential would be expected to have about the same magnitude and sign and would be largely canceled. In addition, errors in spectrometer calibration cause scatter in the points of Figures 1 and 2 but tend to cancel when carbon l s binding energies and oxygen l s binding energies which were determined in the same runs are correlated. Even if we ascribe all the scatter of the points in Figures 1 and 2 to unsystematic changes in relaxation energy and potential, we conclude from the standard deviations that the average unsystematic change in the sum of these quantities on going from one compound to another is less than about 0.2 eV. This conclusion is important because it indicates that shifts in core binding energies greater than 0.2 eV in compounds of this type can be interpreted in terms of changes in atomic charge. In fact, the data suggest that even smaller shifts can be thus interpreted within sets of structurally similar molecules. For 1932 Inorganic Chemistry, Vol. 19, No. 7, 1980 .. .. example, in the correlations of the C 1 s and 0 1 s binding energies with C-0 force constants for the 12 pentacarbonylmanganese compounds, RMn(CO)s, the standard deviations are only 0.18 and 0.13 e V, respectively. Because a considerable part of these standard deviations is due to random experimental error, it seems reasonable to conclude that the average unsystematic changes in relaxation energy and potential in this set of compounds are no greater than about 0.1 eY.
From the slope of Figure 3 we can calculate the average relative amounts of electronic charge transferred to or from the oxygen and carbon atoms of carbonyl groups on going from one carbonyl compound to another. If we ignore changes in relaxation energy and potential, we can write AQ = t;;.E / k, where b.Q and A£ are the changes in atomic charge and core binding energy and k is a constant inversely proportional to In other words, on going from one carbonyl compound to another, most of the change in charge of a CO group occurs at the carbon atom. Now because of the close correlation of the binding energies with C-0 force constants and the fact that changes in C-0 force constants are usually interpreted in terms of changes in back-bonding, 8 -10 we believe that our data measure the relative atomic orbital contributions to the 1r* orbitals of a coordinated CO group. Various high-quality molecular orbital calculations are in agreement that the CO groups of metal carbonyls are negatively charged; 1 H 3 in other words, considerably less negative charge is transferred from the CO to the metal by (J bonding than is transferred from the metal to the CO by 1r bonding. There is little question that the 1r* orbitals of a free CO molecule reside more on the carbon atom than on the oxygen atom. Our results indicate that the same is true for a coordinated CO: as the interaction of the metal d1r orbitals with the CO 1r* orbitals increases, the shift of electron density to the carbon atoms is greater than that to the oxygen atoms. There are calculations in accord with this result. Schreiner and Brown 9 have calculated that (6) Values of (l /r) for carbon, nitrogen, and oxygen were taken from ref
7.
For carbon and nitrogen, the value for an sp 3 hybrid orbital was used. For oxygen, the value for an orbital with 20% s character was used. The rounded k values in units of.·electronic charge per electronvolt are 23.0, 27.9, and 32.5, respectively. Charge Transfer in Back-Bonding to CO and NO Inorganic Chemistry, Vol. 19, No. 7, 1980 1933 Table I . Carbon ls and Oxygen 1s Binding Energies, Degeneracy-Weighted Average C...O Stretching Frequencies, and Number-Weighted Average C...Q Force Constants" carbonyl compd the carbon p7l' atomic orbitals contain more charge when CO is bonded to chromium, whereas the oxygen p7l' charge is nearly unaffected. Electron density difference plots of Ziegler and Rauk 13 indicate that, when Ni(COh bonds to CO, most of the electron density is transferred from the carbons of the Ni(CO)J to the carbon of the entering CO.
In Table ll are listed the nitrogen 1 s and oxygen 1 s binding energies determined for 15 metal nitrosyl compounds in the gas phase. In all these compounds the nitrosyl groups are of the terminal, linear type, isostructural with terminal carbonyl groups. We know of no compounds with bent nitrosyl groups that have sufficient volatility for study in our spectrometer. In the table we have listed the degeneracy-weighted N-0 stretching frequencies and the CK N--0 stretching force constants. In Figure 4 the nitrogen J s binding energies are plotted vs. the N-0 force constants, and in Figure 5 the oxygen 1 s binding energies are plotted vs. the same force constants. Although these plots show more scatter than those of Figures I and 2 , they indicate that the nitrogen and oxygen core binding energies can be taken as measures of dll' --+ 1r* back-bonding in metal nitrosyl compounds. As in the case of the carbonyl compounds, the plot of the binding energies 1934 Inorganic Chemistry, Vol. 19, No. 7, 1980 against one another, shown in Figure 6 , shows a better correlation. The results can be interpreted in essentially the same way as in the case of the carbonyl compounds. From the slope of Figure 6 we can calculate the average relative amounts of charge transferred to the oxygen and nitrogen atoms of nitrosyl groups on going from one nitrosyl compound to another:
6Qo LlEs(Ois)kN (27.9)
.J.QN = 6£ 8 (N 1s) k 0 = 1.
32.5 = l.OS
Apparently the oxygen and nitrogen atoms undergo comparable changes in charge, with perhaps slightly more change in charge occurring at the oxygen atom. To some extent this result is expected. An increase in the electronegativity of one atom in a diatomic molecule causes the contribution of that atom to the 1r* MO to decrease. Thus, because nitrogen is more electronegative than carbon, one would expect that d1r _,. 1r* bonding would transfer relatively more charge to the oxygen atoms of NO groups than to the oxygen atoms of CO groups. However, in free NO+, the 11* orbital is located more on the nitrogen atom than on the oxygen atom, 14 and thus it is at first sight surprising that a greater (or at least comparable) amount of charge is transferred to the oxygen atom of a coordinated No+ group than to the nitrogen atom. The explanation probably is to be found in the fact that the effective electronegativity of the nitrogen atom in a coordinated NO+ group is much higher than it is in free NO+; indeed it would not appear unreasonable if the nitrogen atom had a greater electronegativity than that of the oxygen atom. These changes in electronegativity can be understood in terms of the changes in formal charge. An increase in positive formal charge corresponds to an increase in electronegativity. 15 In free NO+, the nitrogen atom has zero formal charge and the oxygen atom has a positive formal charge:
:N=O:+ In coordinated NO+, the nitrogen atom has a positive formal charge, and the oxygen atom loses its positive formal charge in proportion to the extent of back-bonding: Avanzino et al.
formal charge of the oxygen atom is never more negative than that of the carbon atom, so the effective electronegativity of the oxygen atom is always greater than that of the carbon atom.
- Table II is 
Experimental Section
The unreferenced binding energies in Tables I and II were determined by using procedures previously described. 17 A few of the data are redeterminations of values reported earlier 3 In general, the binding energies given to two decimal places are known to :!:0.05 eV; those given to one decimal place have uncertainties of :i:O.l eV. It was not possible to resolve the oxygen Is spectra of the carbonyl nitrosyl compounds, except Mn(NO)JCO, into separate peaks. In these cases the full widths at half-maximum for the 0 Is lines were significantly greater ( 1.60-e V average) than those of the other nitrosyl compounds (1.40-eV average), and the reported 0 ls binding energies are weighted averages for the NO and CO oxygens. Therefore we believe the reported nitrosyl 0 Is binding energies of the carbonyl nitrosyl compounds are uncertain by 0.2-().3 eV. If the points involving these data are deleted from Figure 6 , the slope of the least-squares line is increased only from 1.257 to 1.321, and our conclusions are not changed significantly, The C-0 and N-0 stretching frequencies are from the literature in those cases in which the infrared measurements were carried out by using nonpolar hydrocarbon solvents. The unreferenced values are based on our measurements, using either hexane or pentane solvent.
The force constants are those obtained by the CK procedure, 4 which, although approximate, gives reasonable relative force constants for comparing bond strengths. 18 Even though more accurate force constants have been calculated for some of the compounds, we have not used these because we believe it is important that all the constants used in a correlation be calculated by a consistent procedure. It can be easily shown, by using the "exact" secular equations involved in the CK method, that a force constant can be simply obtained from the familar equation if one uses the degeneracy-weighted stretching frequency. (t'), for v. For example, the degeneracy-weighted C-0 stretching force 19 of an octahedral carbonyl M(C0) 6 is evaluated as (vco) = 1 /6vf':ig + 2 /6vf!.g + 3 /6Pr,.· For calculating the c-o and N-0 stretchmg force constants, we used the relations
In the case of carbonyls having more than one structural type of CO group, we calculated the overall weighted average kco values. Dicarbonyl(71 5 -cyclopentadienyl)cobalt was obtained from Pressure Chemical Co. The compound was twice purified by chromatography in petroleum ether on a silica gel column. After solvent removal, the compound was purified on the vacuum line; the pure compound was Manganese pentacarbonyl iodide was prepared by the addition of I2 to a solution of NaMn(C0) 5 in tetrahydrofuran at room temperature. After removal of the solvent, the product was obtained by sublimation at room temperature to a 0 °C trap. The infrared spectrum of IMn(C0) 5 agreed with the literature. 27
Manganese pentacarbonyl chloride was prepared by the method of Abel and Wilkinson 28 Many attempts were made to characterize this compound by its infrared spectrum in cyclohexane solution, 27 but peaks attributable to Mn 2 (CO)sCI 2 were always present, along with the bands from the monomer. This is consistent with the findings of Bamford et al. 29 that Mn(C0) 5 Cl easily undergoes conversion to Mn 2 (CO)sCI 2 in solution with loss of CO. Consequently, the Mn-(C0)5Cl sample was characterized by means of its mass spectrum, 30 · 31 from which any sign of Mn 2 (CO)sC! 2 impurity was absent. Chim. Ind. (Milan) 1962 , 44, 1344 Piacenti, F.; Marko, L.lnorg. Chim. Acta, Rev. 1970,4, 109. (25) Inorganic Chemistry, Vol. 19, No. 7, 1980 1935 Mn(CO)sBr (Strem) was shown to be pure by its infrared spectrum.27 F3SiMn(C0) 5 was prepared and characterized as described in the literature. 32 CF3COMn(C0) 5 was prepared by the reaction of trifluoroacetic anhydride with NaMn(CO)s in tetrahydrofuran; the melting point agreed with the literature.
2° CF 3 Mn(C0) 5 was made by the decarbonylation of the trifluoroacetyl derivative.2o (u-AIIyl)manganese pentacarbonyl was prepared according to the literature 33 and purified by fractional condensation in vacuo. The product was trapped at 0 "C; volatile impurities and solvent were trapped (along with a small amount of product) at -196 "C, and nonvolatile impurities remained in the original flask at 20 "C. The product was shown to be pure by its NMR spectrum, using CDCI 3 solvent.
All the Cr(CO)sPX 3 and Mo(C0) 5 PX 3 complexes were prepared by the same general procedure, 34 Cr(CO)sCS and W(CO)sCS were prepared by treating the reduced carbonyls (prepared from the hexacarbonyls and sodium amalgam in refluxing tetrahydrofuran) with thiophosgene at room temperature. 42 Pure (>95%) Cr(C0) 5 CS was obtained from the Cr(C0) 6 /Cr-(CO)sCS product mixture by repeated recrystallization from hexane. Pure (>95%) W(C0) 5 CS was obtained by converting the W-(C0)6/W(C0)5CS product mixture to W(C0) 6 /trans-W(C0) 4 CSJ-, isolating the thiocarbonyl salt and then substituting 1-with CO in the presence of a Ag+ salt. Purity was established by comparison of the experimental and published infrared spectra and by G LC using a 10% SE-30 column.
( 11 at 83-84.5 "C and showed infrared absorptions (pentane solution) at 2018 and 1950 cm-1 (C-Q stretching) and 1688 cm-1 (N-0 stretching) (lit. 47 Trinitrosyl(trimethylphosphine)manganese was prepared by the reaction of Mn(NOhC0 49 and trimethylphosphine in xylene solution. After the reaction, the solvent was removed in vacuo. The green residue was sublimed at 50 "C to obtain dark green crystals. The infrared spectrum (pentane solution) showed nitrosyl bands at 1792 and 1680 cm-1 • W(Cp)(NOhH was kindly furnished by Prof. Legzdins of the University of British Columbia.
Chloro('l1 5 -cyclopentadienyl)dinitrosylchromium, prepared by the method of Hoyano et a\., 47 Dinitrosyliron bromide dimer was prepared by a method analogous to that used for dinitrosyliron iodide. 
